ABSTRACT The spatial distribution of the nymphs of Scaphoideus titanus Ball (Homoptera Cicadellidae), the vector of grapevine ßavescence doré e (Candidatus Phytoplasma vitis, 16Sr-V), was studied by applying TaylorÕs power law. Studies were conducted from 2002 to 2005, in organic and conventional vineyards of Piedmont, northern Italy. Minimum sample size and Þxed precision level stop lines were calculated to develop appropriate sampling plans. Model validation was performed, using independent Þeld data, by means of Resampling Validation of Sample Plans (RVSP) resampling software. The nymphal distribution, analyzed via TaylorÕs power law, was aggregated, with b ϭ 1.49. A sample of 32 plants was adequate at low pest densities with a precision level of D 0 ϭ 0.30; but for a more accurate estimate (D 0 ϭ 0.10), the required sample size needs to be 292 plants. GreenÕs Þxed precision level stop lines seem to be more suitable for Þeld sampling: RVSP simulations of this sampling plan showed precision levels very close to the desired levels. However, at a preÞxed precision level of 0.10, sampling would become too time-consuming, whereas a precision level of 0.25 is easily achievable. How these results could inßuence the correct application of the compulsory control of S. titanus and Flavescence doré e in Italy is discussed.
The leafhopper Scaphoideus titanus Ball is known to be the vector of the phytoplasma agent of Flavescence doré e (FD) (Candidatus Phytoplasma vitis, 16Sr-V), an economically important persistent disease of grapevine (Boudon-Padieu 2000) . This species, native of the Nearctic region, was Þrst found in Europe in the 1950s (Boudon-Padieu 2000) and is now widespread in France (including Corsica), Spain, Switzerland, Italy, former Yugoslavia, and Portugal (Alma 2004) . Because eggs hibernate beneath the bark of 2-yr-old wood, the introduction of this pest via international marketing of cuttings and rootstocks, is feared in other grapevinegrowing countries such as Australia, New Zealand, Chile, and South Africa (Alma 2004) .
S. titanus feeds only on the vine and completes one generation per year; in northern Italy, nymphs occur in mid-May and are found until the end of June. They colonize the lower page of the leaves and generally do not walk far, but they can jump quickly if disturbed. They spend almost all their time feeding; the nymphs suck mainly the sap from smaller venations, whereas fourth and Þfth instars (and adults) can feed on the midribs and also on green shoots and stems (Vidano 1964) . Adults occur from mid-July to mid-October; they do not normally move far away from their host plant, and ßight occurs mainly between the evening and the early morning (Lessio and Alma 2004a, b) . Acquisition of phytoplasmas is performed by third instars, by feeding on infected plants: after a latency period lasting from 28 to 35 d, adults are able to transmit the disease to unaffected plants (Schvester et al. 1969) . Given its economic importance, compulsory measures are applied against this pest: in Italy (besides the removal of infected plants) at least one application of insecticide is required. Active ingredients include chitin depressors (buprofezin and ßufenoxuron), active against nymphs, and neurotoxic products (chlorpyrifos, fenitrothion, etofenprox, and indoxacarb) to control nymphs and adults (Bosio et al. 2004) . In organic farming, pyrethrum and rotenone may be used (Caobelli and Carcereri 1995, Caruso and Mazio 2004) . The Þrst application, to avoid the acquisition of phytoplasmas, must be made 30 d after the Þrst instars are detected.
Because Þeld sampling is often very time-consuming, knowledge of the spatial distribution and minimum sample size required is the Þrst step for resource optimization. The purpose of this article was to investigate the spatial distribution of S. titanus nymphs in the vineyard and to develop sampling plans that will be useful for integrated pest management (IPM).
Materials and Methods
Study Area. Studies were conducted in 2002Ð2004 in 13 vineyards (vin.) located in different grapevine-growing areas of Piedmont: Langhe (44Њ 41Ј N, 8Њ 01Ј E) (vin. 1Ð 6), Monferrato (44Њ 54Ј N, 8Њ 12Ј E) (vin. 7Ð12), and Tortonese (44Њ 53Ј N, 8Њ 51Ј E) (vin. 13). Some of the vineyards were subject to IPM practices, whereas others designated as organic (ORG) were not. The same vineyard sometimes received different pest management in different years; the most common IPM practices (or insecticide sprays) during each year included two treatments with different active ingredients chosen among Buprofezin, Fenitrotion, Clorpirifos, and Etofenprox (Muccinelli 2002) .
Field Sampling. An experimental plot was traced out in each vineyard. Plots were 18 rows in width (27Ð30 m) and Ϸ100 m in length, therefore having an area of 2,700 Ð3,000 m 2 . S. titanus nymphs were counted on 20 Ð50 randomly distributed plants per plot, choosing Þve leaves per plant close to the rootstock. Counts were done twice a year, at the beginning and at the middle of June, before any insecticide was sprayed. Sampling generally was carried out early in the morning, when nymphs were less active, and never after a heavy rain. Specimens were not removed from plants during sampling.
Statistical Analysis. Data were analyzed using SPSS 12.0 statistical software (SPSS Inc., Chicago, IL; http://www.spss.com/). Each plant was considered as a single replication for analysis. To study the spatial distribution of nymphs, we used TaylorÕs power law (Taylor 1961 (Taylor , 1984 :
where S 2 is the sample variance, m is the sample mean, coefÞcient a depends upon the sampling method and coefÞcient b indicates the distribution of the population (b Ͻ1, uniform; b ϭ 1, random; and b Ͼ1, aggregated). The coefÞcients a and b were calculated with the regression of variance on the mean of each plot, during different years and sampling dates: that is, a set of 20 samplings was available, after excluding those where no nymphs were detected. Different linear regressions were tested for equality of slopes (Sokal and Rohlf 1995) by performing an analysis of covariance on the data obtained from different times of the season and during different years.
Minimum sample size (Karandinos 1976 ) was estimated with the following equation:
where N is the number of samples needed, Z ϭ 1.96 for ␣ ϭ 0.05, a and b are TaylorÕs power law coefÞcients, m is the population mean, and D is a Þxed precision level which was Þxed at 0.10, 0.20, and 0.30. GreenÕs formula (Green 1970 ) was used to establish Þxed precision-level stop lines for sequential sampling of nymphal counts per plant:
where n is the number of counted plants, T is the number of insects observed, b is the coefÞcient of TaylorÕs power law, and D is the precision level, which was Þxed at 0.10 and 0.25.
Model Validation. To assess the reliability of GreenÕs sequential sampling plan, 44 additional independent data sets were collected in 2005 from 31 vineyards (including the previous vineyards). Nymphs were sampled as described previously, but on 100 plants per plot. Validation was performed following the resampling approach, by means of Resampling Validation of Sample Plans (RVSP) software (Naranjo and Hutchison 1997) . Simulations were conducted using 500 without replacement, with a minimum sam- (Naranjo and Hutchison 1997) .
Results
The mean number of S. titanus nymphs per plant ranged from 0.17 to 7.80 (Table 1) . No signiÞcant differences were found between slopes for the different periods, or for different years (Table 2) . Therefore, common regression was used to predict the log (s 2 ) versus log (m) relationship. The slope was signiÞcantly Ͼ1.0 (b ϭ 1.49, R 2 ϭ 0.96; t ϭ 20.68, df ϭ 1, 18; P Ͻ 0.001), indicating a clumped distribution (Fig.  1) .
Numerical sample size curves (Karandinos 1976 ) of S. titanus were obtained from TaylorÕs power law coefÞcients: a mean density of 0.20 nymphs per plant requires a sample size of 32 plants for D ϭ 0.30 and of 72 plants for D ϭ 0.20. Given the same pest density, 292 plants must be counted to achieve a precision level D ϭ 0.10 (Fig. 2) . The sequential sampling plan, estimated by GreenÕs equation, indicated that, for the same mean value, sampling could stop when seven nymphs have been observed, with Þxed precision levels of 0.25 (Fig. 3 ), whereas with a precision level of 0.10, sampling should be stopped after having observed 46 nymphs, the process, therefore, becoming too time-consuming (Fig. 4) .
The simulations performed with RVSP software produced an average precision (D) of 0.24, very close to the desired precision of 0.25. On average, the sequential sampling model performed better than expected, and only in few cases was the precision achieved poorer than the preset value (Fig. 5) . The average sample number (ASN) was 50 plants, with a range of 24 Ð90 (Fig. 6) .
When running simulation with D 0 ϭ 0.10, we obtained the same average precision (D ϭ 10), although in many cases the model performed poorer than expected (Fig. 7) . However, this in understandable because resampling was performed with replacement for this preÞxed precision level. Also, for this high level of precision, the ASN was 398 plants (Fig. 8) .
Discussion
The distribution of S. titanus nymphs is aggregated: this could be, Þrst, the consequence of the aggregated pattern of adults (Bosco et al. 1997 ) and hence of females laying eggs in aggregated sites. However, the aggregated pattern continues throughout June, suggesting that S. titanus nymphs do not move far away from the leaves where they settle at Þrst. A similar distribution also was observed for nymphs of other leafhoppers such as Empoasca vitis Goethe (Maixner As a consequence of its aggregated pattern, the numerical sample size for the correct estimate of S. titanusÕs nymphal density can be very high in case of low population levels. Therefore, GreenÕs stop lines could become a suitable method for estimating the population density of S. titanus nymphs. The proposed model performed as expected on the average: simulations were many times more accurate than predicted from GreenÕs equation, having preset a precision level of 0.25. The ASN in this case was 50 plants, which can be easily covered in Ϸ30 min by a single data collector (personal observation). Because for IPM purposes this level of precision is acceptable (Southwood 1978) , we recommend the use of GreenÕs model with D 0 ϭ 0.25 for sampling the nymphs of S. titanus on grapevine. However, to achieve a precision level of 0.10 would require an ASN of 350 plants, which is too time-consuming.
Correct sampling plans should have a positive impact on S. titanus pest management, if an economic threshold for this pest can be developed (Kogan 1998) . Different thresholds could also be determined depending on the presence or the absence of the disease within a speciÞc area, especially considering the low efÞciency in disease transmission by S. titanus (Girolami 2000) . Moreover, the percentage of FDpositive vectors is generally low at the beginning of the season (Lessio et al. 2003) . Therefore, because aggregation of nymphs does not depend upon the season, a slight delay in applying insecticides could be reconsidered, to wait for more eggs to hatch. In fact, progressive hatching of nymphs during summer (Vidano 1964 ) is one of the primary problems for IPM of S. titanus. More information is also needed about the impact of generalist predators, such as spiders, on the dispersal of S. titanus nymphs, and hence on their spatial distribution; such a relationship was demonstrated for Prokelisia crocea Van Duree (Homoptera: Delphacidae) (Cronin et al. 2004) . 
